Six polyphenolic acid esters were synthesized and their antioxidative properties were evaluated in three model systems [2,2-diphenyl-1-picrylhydrazyl (DPPH) free radical scavenging assay, 2,2-azobis(2-amidinopropane)dihydrochloride (AAPH)-induced lipid peroxidation system, and the dye-bleaching assay of peroxynitrite radical]. Among these compounds, we found that compounds 4 [3,4-dihydroxy-benzoic acid-(2-phenoxyethyl ester)], and 5 [3,4-dihydroxy-cinnamic acid-(2-phenoxyethyl ester)] provided comparable activity to caffeic acid phenethyl ester (CAPE) in the DPPH model. Compound 3 [2,5-dihydroxy-benzoic acid-(2-phenoxyethyl ester)], was found to be more active than CAPE in the AAPH system, it also displayed about 2-fold greater activity than CAPE in the peroxynitrite radical model. These results suggest that these phenolic acid ester derivatives, with their potent anti-oxidant activities, may have useful applications as antioxidants.
Reactive oxygen species (ROS), including free radicals, superoxide anions and hydroxyl radicals, are the intermediates of regular pathway of aerobic metabolism. ROS generated from normal metabolism or exogenous insults lead to peroxidation of membrane lipids and cellular damage of proteins and DNA. To prevent the harmful effects of ROS, cells are equipped with enzymatic systems including catalases, peroxidases, and superoxide dismutases (SOD) and molecular antioxidants, such as ROS scavengers, glutathione, vitamin C, E, and other antioxidative molecules. The cellular redox homeostasis is well-maintained in normal cases; however, oxidative stress occurs when redox status within the cell is altered. This imbalance may be due to either overproduction of ROS or a deficiency in one or more antioxidant systems. The uncontrolled oxidative stress initiates a series of harmful biochemical events which are associated with diverse pathological processes. These processes can lead to various cellular damages and diseases. 1, 2) Polyphenols, existing ubiquitously in nature, are commonly used as food additives and folk medicine in many countries. Interest in polyphenols has increased because many of them exhibit a broad spectrum of biological activities including anti-inflammatory, antiviral, antiatherogenic, antibacterial, as well as anticancer effects. 3, 4) These activities are associated, to a great extent, to their antioxidant properties, though other mechanisms may also be involved. Caffeic acid phenethyl ester (CAPE), a polyphenolic acid ester, has been identified as one of the major active components of honeybee propolis.
5) The ability of CAPE to alter oxidative processes is well documented. 6, 7) It has been shown to induce selectively apoptosis on transformed cell lines, to chelate metal ions, to scavenge free radicals, and to inhibit enzymes that are involved in free radical and lipid hydroperoxidation formation such as lipoxygenases and cyclooxygenase-2 (COX-2). [6] [7] [8] Therefore, CAPE can be used to prevent the lipid oxidation in foods, reduce cellular damages initiated by free radicals, and prevent diseases related to inflammation.
We have recently focused on the synthetic antioxidants with diverse anti-oxidative functionalities. [9] [10] [11] Based on the biological activities of CAPE, we are interested in study the CAPE-related polyphenolic acid esters. It has been shown that the antioxidative activity of polyphenolic compounds is determined by their molecular structure. [12] [13] [14] The position of hydroxylation, for instance, will influence the ability of the delocalization of unpaired electrons to stabilize the formed radical after reaction with the initiator radical. 15) Previous studies by many research groups demonstrated that the catechol moiety, with the 3,4-dihydroxyl configuration, is important for the free radical scavenging activity for this type of phenolic compounds. [16] [17] [18] In addition, the effect of conjugated ethylenic side chain of the related phenolic compounds on their antiradical activities is not very clear. Several studies indicate that the conjugated ethylenic side chain is essential for optimal antioxidative activity. Contrary to this, other studies suggest that the structure is not required for the activity. 13, 16, 19) Thus, it is worthy to compare the antioxidative activity of the synthesized polyphenolic acid esters with different dihydroxyl positions on the benzoic acid moiety. We prepared six phenoxyethyl esters of polyphenolic acid derivatives and the efficacy of these compounds as radical scavengers was analyzed by their reactivity toward the 2-2-diphenyl-1-picrylhydrazyl radical (DPPH). 20, 21) In addition, their potency as antioxidants was evaluated by the ferric thiocyanate assay using a Tween-emulsified linoleic acid oxidation system induced by 2,2Ј-azobis(2-amidinopropane)dihydrochloride (AAPH). [22] [23] [24] The relative antioxidative activity of these compounds was also evaluated by peroxynitrite scavenging assay. 25, 26) MATERIALS AND METHODS Chemicals 3,4-Dihydroxy benzoic acid, 3,5-dihydroxy benzoic acid, 3,4-dihydroxy cinnamic acid, triphenylphosphine (TPP) were purchased from E. Merck (Darmstadt, F.R.G. H-and 13 C-NMR data were acquired at room temperature on a Varian 300 NMR spectrometer at 300 and 75 MHz, respectively. Where necessary, deuterium exchange experiments were used to obtained proton shift assignments. Mass spectra were recorded on a JEOL JMS-300 spectrophotometer. Analytical samples were dried under reduced pressure at 78°C in the presence of P 2 O 5 for at least 12 h unless otherwise specified. Elemental analyses were obtained using a Perkin-Elmer 2400 Elemental Analyzer. A Perkin-Elmer Lambda 40 UV/VIS spectrophotometer was used in the DPPH scavenging, ferric thiocyanate lipid peroxidation, and pyrogallol red bleaching assays.
General Synthetic Procedure for Polyphenolic Acid Ester Derivatives The esters were synthesized from polyphenolic acid and 2-phenoxy ethanol by Mitsunobu esterification using DIAD and TPP as coupling reagents 28) as shown in Fig. 1 . Briefly, to a solution of 3,4-dihydroxy cinnamic acid (6 mmol) and 2-phenoxy ethanol (6 mmol) in dry tetrahydrofuran (15 ml) were added TPP (6 mmol) and DIAD (6 mmol) at 0°C. After stirring at room temperature for 48 h, the reaction was worked up by removal of the solvent, and the residue was partitioned between ethyl acetate and saturated NaHCO 3 . The organic phase was washed with brine, dried over Na 2 SO 4 , and the solvent was evaporated. The residue was purified by flash chromatography on a silica gel column using a mixture of n-hexane/ethyl acetate (3 : 1 or 2 : 1) as eluent. Yields are between 41-90%.
3,5-Dihydroxy-benzoic acid-(2-phenoxy-ethyl ester) (1) Determination of the Radical Scavenging Activity DPPH assay was performed as described. 20, 21) Briefly, the stable radical DPPH in ethanol (500 mM, 2 ml) was added to 2 ml of the test compounds at different concentrations in ethanol. The final concentration of the test compounds in the reaction mixtures were 12.5, 25, 37.5, and 50 mM. Each mixture was then shaken vigorously and held for 30 min at room temperature and in the dark. The decrease in absorbance of DPPH at 517 nm was measured. Ethanol was used as a blank solution and DPPH solution in ethanol served as the control. The percentage of remaining DPPH was then calculated, and the radical-scavenging effects of the tested compounds were compared in terms of EC 50 (the concentration needed to reduce 50% of the initial amount of DPPH and expressed as Fig. 1 . CAPE Structure and General Synthetic Scheme for Polyphenolic Acid Esters the molar ratio of each compound to the radical). All tests were performed in triplicate.
Determination of Antioxidative Activity The antioxidative activity was evaluated by the ferric thiocyanate assay using AAPH-induced lipid peroxidation of a Tween-emulsified linoleic acid system. [22] [23] [24] Briefly, 0.2 ml of distilled water, 0.5 ml of 0.2 M phosphate buffer (pH 7.0), and 0.5 ml of 0.25% Tween-20 (in buffer solution) were mixed with 0.5 ml of 2.5% (w/v) linoleic acid in ethanol. The mixture was then stirred for 1 min. The peroxidation was initiated by the addition of 50 ml of AAPH solution (0.1 M). The stock solution of antioxidant or test compounds in DMSO (final concentrations for the test compounds and DMSO are 10 Ϫ4 M and 0.1%, respectively) was then added, and the reaction was carried out at 37°C for 375 min in the dark. The degree of inhibition of oxidation was measured by the ferric thiocyanate method for each interval of 75, 150, 225, 300, and 375 min. To 0.1 ml of peroxidation reaction mixture at each interval, 0.1 ml of 30% ammonium thiocyanate and 0.1 ml of 2ϫ10 Ϫ2 M freshly prepared FeCl 2 (in 3.5% aqueous HCl) were added. Precisely 3 min after addition, the absorbance of the red complex [Fe(SCN)] 2ϩ was measured at 500 nm. The control for the assay was prepared in the same manner by mixing all of the chemicals and reagents except the test compound. All tests were performed in triplicate.
Determination of the Scavenging Effect on Peroxynitrite Peroxynitrite synthesis was carried out as described. 27) Briefly, acidified hydrogen peroxide (1 M in 0.7 M HCl, 20 ml) and sodium nitrite (0.2 M, 20 ml) solution were drawn into two separate syringes. The contents of both syringes were simultaneously injected into an ice-cooled beaker containing 1.5 M potassium hydroxide (40 ml). Manganese dioxide was added to the solution to remove excess hydrogen peroxide. The solution was filtered and the concentration of the resulting stock was determined spectrophotometrically at 302 nm (eϭ1670 M Ϫ1 cm
Ϫ1
). The typical yield of freshly prepared peroxynitrite was 30 mM. The peroxynitrite was diluted in 0.1 M NaOH. The pyrogallol red (PR) dye bleaching assay of peroxynitrite was carried out according to the reported methods. 25, 26) Experiments were conducted at 25°C in 50 mM phosphate-buffered saline containing 0.1 mM diethylenetriaminepentaacetic acid, 90 mM NaCl, and 5 mM KCl, pH 7.4. Blanks using DMSO alone in the absence of test compounds and peroxynitrite allowed to degrade for 5 min in phosphatebuffered saline, pH 7.4, were also examined. There was no interference by DMSO and degraded peroxynitrite on the PR. Peroxynitrite induced the bleaching of PR dye, which was measured at 542 nm (eϭ24000 M Ϫ1 cm
). Consumption of PR (50 mM) in the presence and absence of test compounds (1.25-125 mM) was measured over a range of peroxynitrite concentrations (0-62.5 mM). The ratios of rate constants 
RESULTS AND DISCUSSION
Free Radical Scavenging Activity The scavenging DPPH free radical is a common method to evaluate the antioxidative activity of antioxidants. As shown in Table 1 , these polyphenolic acid esters displayed various degrees of free radical scavenging activity, with decreasing activity in the following order: 4Ϸ5ϷCAPEϾ3Ͼ2Ͼ1Ͼ6. Among them, compounds 4 and 5, were the most potent, having antiradical effects comparable to that of CAPE. The results indicated that the compounds with ortho-dihydroxyl configurations (compounds 4, 5) showed greater antiradical activity than para-configuration (compound 3). The compounds with meta-dihydroxyl groups (compounds 1, 2) or dimethoxylcinnamic acid moiety (compound 6) gave little or no activity at all. In addition, the results also suggest that the conjugated double bond is dispensable for free radical scavenging activity (compounds 4, 5). Furthermore, the replacement of phenethyl in CAPE with phenoxyethyl moiety appears to be no enhancing effect on radical-scavenging activity.
Antioxidative Activity To verify the antioxidative activity of these compounds, the three compounds (compounds 3-5) with significant potent DPPH radical-scanvenging activity were further analyzed for their capacity in inhibiting the lipid peroxidation induced by AAPH. The in vitro model using AAPH-induced lipid peroxidation of Tween-emulsified linoleic acid is a common method [22] [23] [24] used to measure the antioxidative activity of synthetic antioxidants. In this assay, the oxidation is carried out under conditions similar to biological systems. The inhibitory effects on lipid peroxidation or the antioxidative activity of these compounds are listed in Table 2 . We defined the antioxidative activity of these compounds as the relative rate of lipid peroxidation initiated by AAPH radical. The stronger is the antioxidative activity, the smaller is the rate of lipid peroxidation. As shown in Table 2 , the inhibitory potency of these compounds is comparable to CAPE with the decreasing order of: 3Ͼ4ϷCAPEϾ5. Compound 5 with conjugated double bond showed lower antioxidative activity than CAPE. The reduced activity of compound 5 may be resulted from the introduction of phenoxylethyl moiety that altered the hydrophobicity of the compound. It is of interest that compound 3 contains neither conjugated double bond nor catechol groups but possesses the highest activity. One of the explanations for the highest activity of compound 3 might be due to its hydrogen-donat- ing ability. Namely, the neighboring carbonyl group together with p-hydroxyl electron donating group to o-hydroxyl group in compound 3 could enhance the O-H bond breaking and accelerate the release of hydrogen. However, we can not exclude other potential explanations such as solubility, hydrophobicity, and stability of compound 3.
Peroxynitrite-Scavenging Activity The interesting evidence for a role of peroxynitrite in biological processes prompted us to investigate the reaction of compounds with peroxynitrite. Studies also demonstrated that polyphenolic and flavonoid compounds exhibited efficiency peroxynitritescavenging activity and prevent oxidation of macromolecules elicited by peroxynitrite. 29) In this study, the peroxynitritescavenging activities were determined according to the reported method. 25, 26) Briefly, peroxynitrite induced the bleaching of PR dye, which was measured at 550 nm. Consumption of PR in the presence and absence of the test compounds was measured over a range of peroxynitrite concentrations (0-62.5 mM). The greater is the ratio of k A /k PR , the more potent is the peroxynitrite-scavenging activity of the tested compounds. Results shown in Fig. 2 indicate that the peroxynitrite-scavenging potency with the order of 3Ͼ5Ϸ CAPEϷ4. Compound 3, the most potent one, displayed about 2-fold greater activity than CAPE.
Based on the evidence, 2,5-or 3,4-dihydroxyl groups (compounds 3, 4, respectively) in benzoic acid moiety confer a marked antioxidative activity. Furthermore, the compounds without the conjugated double bonds (compounds 3, 4) gave similar anti-oxidant activity to that of compound 5 and CAPE. These observations also suggest that the conjugated double bond in this type of the polyphenolic structure appears to be independent of antioxidative activity, at least for in vitro assays, that is in agreement with some of the previous findings. 13, 19) In conclusion, we synthesized and analyzed the antioxidant capacity of six polyphenolic acid esters. Among them, 3-5 are more potent than the other compounds, with their antioxidant efficacy comparable to CAPE. An effective antioxidant should be able to scavenge a wide range of toxic free radical species, these compounds would thus be worthy of further investigations. . All tests were performed in triplicate. Data shown here represent the slope of the time courseabsorption curves of each compound analyzed. The control for the assay was carried out identically but in the absence of the test compound and the slope set as 100%. Results shown represent meanϮS.D. from three independent experiments. 
